The properties of the growth of the 6061-T6 aluminum alloy oxide were studied using sulfuric acid anodization. The parameters for the manufacturing process include electrolyte categories, electrolyte concentration, and operating voltages. The results showed that the aluminum oxides obtained by anodization process are mainly amorphous structure and the anodic current density is an important factor affecting the rate of response for oxygen and aluminum ions in barrier. In this experiment, polish process is very important to stable the anodic aluminum oxide film and then it will get the better properties of anodic film. Besides, when using sulfuric acid as the electrolyte, the increase of anodic voltage also increases the rate of reaction which increases the mechanical and electrical properties of anodic oxide film, but too large applied anodic voltage will reduce the mechanical and electrical properties of film because of the crack of the anodic oxide film.
Introduction
Aluminum is one of the most consumed metals and it is the third most abundant element in the earth's crust ranking behind oxygen and silicon. Since aluminum is light weight with high specific strength, its alloy materials own outstanding properties in many aspects such as corrosive resistance, thermal conductivity, machinability, and surface treatment [1] . It is highly ductile and does not fracture even at −193 ∘ C so it can be rolled to thin plates or films, pulled to thin strings, or protruded into different kinds of shapes. Since the end of the twentieth century, aluminum materials have been massively used and moved into a rapid development period. It has been greatly used in aerospace, transportation, and machinery. To date, aluminum alloy and aluminum magnesium alloy have been broadly applied to major industries, daily-life products, transportation vehicles, and even semiconductor industry.
Aluminum is highly active and easily reacts with oxygen to form the oxide layer on the surface of the material in atmosphere environment. The thickness of the native oxide is only few ten to few hundred of angstroms and its structure is loose and not uniform. In recent researches, we can grow a dense and continuous oxide layer on the surface of aluminum by using chemical methods such as chemical treatment, electroplating, and anodizing to protect the aluminum alloy from being eroded or abraded from exterior environment. After Pinner and Sheasby received the patent of using sulfuric acid for anodizing in 2001, this technology has been widely used in industry [2] . Most studies have considered the (micro) hardness or wear resistance of thick porous aluminum anodic films concern oxides formed (typically thicker than 25 m) under hard anodizing conditions. According to these previous studies [3] [4] [5] [6] , anodic films of varying morphologies can be produced on Al if both electrolyte and electrolysis conditions are carefully selected; for example, certain combinations of electrolyte pH, concentration, anion content, and current density allow formation of either barrier and/or porous oxide films. Scott [7] considered anodizing in a sulfuric acid electrolyte with varying the electrolyte temperature in the range from −5 ∘ C up to 15 ∘ C at a constant applied current density of 4 A/dm 2 . The results indicated that the electrolyte temperature hardly influences the abrasion resistance of the resulting AAF. Koizumi et al. [8] dealt with anodizing at current densities from 1 to 8 A/dm 2 in a mixed sulfuric acid-oxalic acid electrolyte at a temperature range from 5 ∘ C to 20 ∘ C. They 2 Journal of Nanomaterials found that increasing electrolyte temperature will decrease wear resistance of material especially at lower applied current densities. Recently, a highly ordered honeycomb structure was obtained in oxalic acid solution at 40 V [9, 10] and in sulfuric acid at voltages ranging from 20 to 27 V [11] . It was reported that pore diameter and interpore spacing were linearly proportional to the applied voltage [12] . It was also proposed that self-ordering requires a porosity of 10% which is independent of the specific anodization conditions and corresponds to aluminum of about 1.2 [13] . Besides, Keller et al. [14] presented a model of anodizing oxide film with hexagonal structure. They imagined the anodized aluminum oxide using scanning electron microscopy (SEM) and observed the surface of the oxide with a regular hexagonal nanopores array. From previous studies, the anodized oxide film shows good hardness and excellent electrical and thermal insulation. Therefore, in the past few decades, many applications such as increasing rigidity of the aluminum alloys to improve the corrosive resistance, abrasive resistance, electrical insulation, and thermal insulation can be applied in capacitor, semiconductor, and aerospace industry [15] [16] [17] [18] . In general, the anodic process efficiency is also affected by the nature of the electrolyte, such as (i) concentration, (ii) pH, (iii) presence of activating anions, (iv) agitation conditions, and (v) electrolyte temperature. Oxidation efficiency decreases as a result of local film dissolution and associated formation of a porous layer [19] [20] [21] [22] [23] .
In the present work, we studied the growth of the 6061-T6 aluminum alloy oxide using sulfuric acid anodization. By altering the fabrication parameters, (1) film thickness, (2) surface morphology, (3) hardness, and breakdown voltage for anodic aluminum alloy oxide (AAO) were also investigated in this paper.
Experimental Method
To distribute the electrical field more uniformly on the surface of anodizing samples, a polishing step was added before anodizing. First, sand papers with grade number from low to high (600, 1200, to 2000) were used for the coarse polishing. Then, aluminum oxide powder with size of 0.3 m in diameter was used for fine polish. Next, sodium hydroxide, acetone, and nitric acid were then used to clean the samples to remove grease and impurities. Finally, these specimens were soaked in an electrolyte with perchloric acid and ethanol mixed with the ratio of 1 to 4, and 5 volts of voltage was applied for 5 minutes for the electrochemical polishing procedure. The samples surface is highly smooth after the present polishing process. Next, we prepare sulfuric acid with concentration of 0.1 M and 0.3 M. An ice water bath was used to cool down the temperature during the electrolyte mixing process.
The polished specimens were connected to the anode and graphite electrode was used as cathode. Both electrodes were then submerged into the acidic electrolytes and a DC current was applied for anodizing and applied anodic voltage from 25 to 60 V was used for sulfuric acid bath. After anodizing, the samples were removed from the anodizing bath, cleaned with DI water, and dried by nitrogen gas. In our experiment, energy dispersive X-ray spectrometry (EDS), X-ray diffractometer (XRD), and scanning electronic microscope (SEM) were used for chemical element analysis, crystal structure evaluation, and surface morphology observation, respectively. Then, hardness and breakdown voltage were tested using micro hardness tester and dielectric withstanding tester. Finally, image was used for porosity calculation. Figure 1 shows the breakdown voltage for anodizing oxide films with and without polishing. The result shows that the surface roughness influences the measurement accuracy. With polishing process, the breakdown voltage increases as anodic voltage increases. However, samples without polishing process did not show the controllable trend. The reason for this irregular trend of samples without polishing process is due to the focusing of the electric field at scratches on the surface of the samples. The large roughness of sample surface will cause the irregular anodic pores of the anodic oxide film. Therefore, anodic pores tend to be generated at these strong local field sites and make the thickness of the barrier and the arrangement of the anodic pores less uniform. In addition, this field also decreases the uniformity of anodic pores alignment in the oxide film. Since the anodizing specimens without polishing process show unpredictable trend for the breakdown voltage, lowering the surface roughness can make both the alignment of anodic pores and the uniformity of anodic oxide film (Figure 1 ). This polishing process also stabilizes the later measurements and analysis procedures.
Results and Discussions

Polishing Process.
XRD Crystallography Analysis.
The crystal structure of the aluminum alloy samples was also analyzed using XRD. To prevent the destruction of the thin film, we used grazingincidence X-ray diffraction (GIXRD). No obvious peak can be seen in Figure 2 ; therefore, the crystal structure of the present aluminum oxide film is amorphous.
Oxide Film Thickness and Breakdown
Voltage. In our anodizing experiments, DC voltage was used to anodize the aluminum alloy-T6061. Both thickness and breakdown voltage of the grown oxide were measured under different electrolyte concentrations (Figure 3) . The results showed that the thickness of oxide increases with anodic voltage. In addition, the higher anodic voltage and electrolyte concentration will make the oxide thickness larger because of the increasing of anodic reaction speed. This oxide thickness increase is mainly due to increasing of electrical current density with increasing of both electrolyte concentration and applied anodic voltage [24] . Increasing of current density increases both the ion exchange rate in the barrier and the growth rate of aluminum anodic oxide. On the other hand, the current density increase also increases the rate of oxide dissolution. If currents keep rising, the dissolution rate will eventually be larger than oxide growth rate and the oxide thickness begins to decrease. As shown in Figure 3 , the thickness is close to steady state with increasing the anodic voltage at sulfuric acid concentration of 0.3 M. It implies that oxide growth rate is very similar to the dissolution rate. Therefore, an optimal anodic voltage exists for the largest oxide growth rate. As shown in Figure 3 , the trend of oxide growth is still increasing with higher anodic voltage; therefore, we know that the growth rate is still larger than dissolution rate in our experiments.
To understand the dielectric properties of the oxide film, a dielectric withstanding tester was used for breakdown voltage measurement. Figure 3 compares the thickness of the oxide films to their breakdown voltages. Overall, breakdown voltage increases with oxide film thickness. However, for the sulfuric acid bath with higher concentration of 0.3 M, breakdown voltage decreases with increasing of oxide thickness when anodic voltage is higher than 50 V. The reason for this breakdown voltage decrease is that the higher oxide growth rate in sulfuric acid bath will induce a massive heat production on top of the barrier and increase both electrolytic corrosion and number of defects [25] .
Porosity and Hardness of Anodic Oxide
Films. SEM images show the morphology of the samples after anodizing process using sulfuric acid. As shown in Figure 4 , the pores density decreases with increasing of anodic voltage with sulfuric acid anodizing. As discussed by Masuda and Satoh [26] , rate of reaction is affected by anodic voltage. For sulfuric acid anodizing, oxide grows faster than other acid samples. When anodic voltage increases, the thickness of the barrier also increases. This voltage increase turns the shape for the bottom of the barrier into hemispheric and then the thickness of barrier increases and also increases the distances between pores. Therefore, as shown in Figure 4 , the porosity of aluminum oxide layer decreases with the increase of anodic voltage.
The relationship between porosity and hardness was discussed in this paper as shown in Figure 5 . The porosity of aluminum oxide decreases as anodic voltage increases because of the increasing of barrier thickness; therefore, hardness increases with the anodic voltage. This can be explained by Jessensky's theorem [5] . In anodizing process, aluminum reacts with oxygen and turns into aluminum oxide which causes the volume of oxide to expand and induces an internal stress in aluminum/oxide interface. Therefore, this boundary stress increases with the oxide thickness and anodizing voltage. On the other hand, the porosity of aluminum oxide in sulfuric acid anodization decreases as anodic voltage increases. In addition, higher interface stresses will increase the hardness of anodic film with the decrease of porosity and the increase of oxide barrier. However, when this boundary stress reaches the critical point, the material will fail and then the stress releases so the cracks can be seen clearly in the surface of oxide films. Furthermore, current density increases with anodic voltage which reduces hardness due to the large heat production. Finally, the hardness of the oxide drops due to this weakened film structure. Moreover, as shown in Figure 3 , we also found that the breakdown voltage decreases at anodic voltage 60 V; even the thickness is still larger than 50 V. This reason is mainly due to the surface cracks of the anodic oxide film as also shown in Figure 5 . The results indicated that the electrical and mechanical properties of aluminum anodic oxide will reduce at high anodic voltage because larger oxide growth speed will induce more surface cracks of oxide films.
In summary, we have demonstrated the breakdown voltage, hardness, and mechanical behaviors of nanoporous aluminum alloy anodic oxidation by sulfuric acid anodic process. The results indicated that polish process is an important factor to stabilize the properties of anodic oxide film. Besides, the hardness and breakdown voltage will increase with increasing anodic voltage because of the increase of oxide thickness and the decrease of porosity of oxide film. However, too much applied anodic voltage will cause excessive oxide growth rate which induces the higher internal stress and causes the crack of the anodic oxide film and then it will decrease the electrical and mechanical properties of the anodic film.
